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The objective of this thesis was to study the elimination of high current peaks of an electric bus 
charging station with a battery energy storage system. A Hardware-In-the-Loop simulator, a 
simulator which includes actual parts of the application under simulation, was designed for 
accurate battery simulations. In addition, preliminary software simulations of the effect a battery 
energy storage system has on the high current peaks, were conducted. 
The thesis was conducted as part of the Turku University of Applied Sciences Smart electric Bus 
Network integration (SeBNet) project. The project studies the overall impact a network of electric 
vehicle charging stations has on the electric distribution grid and solutions to integrate new 
technologies are made. The designed Hardware-in-The-Loop simulator will be finished during 
summer 2018. The battery simulations used data acquired from the Turku airport bus charging 
station, by measuring the load made by the charging station. Two different battery technologies 
with different properties were compared. 
The simulation results indicate that a battery storage system with less than 10 kWh capacity can 
make a required difference in the current peaks at the charging station in the simulation scenario. 
However, the battery with a small capacity would have to be replaced too often due to cell 
degradation. In addition, the properties of available batteries limit the peak current they can deliver 
in small capacity systems. Thus a battery of a larger capacity would be a valid option for an 
application such as this. 
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ELECTRIC BUS CHARGING STATION 
- The design of the system and preliminary battery simulations 
Tämän työn tavoitteena oli tutkia sähköbussin latausasemien tuottamien kuormitushuippujen 
tasoittamista akkujärjestelmän avulla. Yhtenä menetelmänä suunniteltiin Hardware-In-the-Loop-
simulaattori eli simulaattori, joka sisältää osia varsinaisesta simuloitavasta laitteesta ja jolla 
voidaan toteuttaa tarkempia akkujärjestelmän simulaatioita. Lisäksi tehtiin alustavia 
ohjelmistosimulaatioita akkujärjestelmän vaikutuksesta korkeisiin virtapiikkeihin. 
Työ oli osa Turun ammattikorkeakoulun Smart electric Bus Network integration (SeBNet)  
-projektia. Projektin tavoitteena on tutkia sähköajoneuvojen latausasemaverkoston vaikutusta 
sähköverkkoon laajemmassa mittakaavassa sekä kehittää ratkaisuja uusien teknologioiden 
yhdistämiseen latausasemilla. Suunniteltu Hardware-In-the-Loop-simulaattori valmistuu kesällä 
2018. Akkusimulaatioissa käytettiin mittaustietoa, jota kerättiin Turun lentoaseman sähköbussin 
latauspisteeltä mittaamalla varsinaisten lataustapahtumien aiheuttamaa sähköverkon 
kuormitusta. Simulaatioissa vertailtiin kahta eri akkutekniikkaa, joiden ominaisuudet erosivat 
toisistaan merkittävästi. 
Tulokset viittaavat siihen, että kapasiteetiltaan alle 10 kWh akkujärjestelmä voi vaikuttaa 
merkittävästi latausaseman virtapiikkeihin tehdyssä simulaatiossa. Näin pienikapasiteettinen 
akku jouduttaisiin kuitenkin korvaamaan uudella liian usein kennojen suorituskyvyn 
heikkenemisen takia. Lisäksi tällä hetkellä saatavilla olevien akkujen ominaisuudet rajoittavat 
huippuvirtaa pienikapasiteettisissa järjestelmissä. Tämän takia akkujärjestelmä suuremmalla 
kapasiteetilla olisi sopiva vaihtoehto kyseiseen tarkoitukseen. 
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1 INTRODUCTION 
1.1 Energy transition 
The rapid change in transportation industry towards electronic vehicles (EV) is under 
constant development and new electric vehicles for passenger and public transportation 
are constantly introduced. The change is due to the fact that the carbon dioxide (CO2) 
emissions from the use of fossil fuels is speeding up the global warming (European 
Commission, 2018). In November 2017 the EU commission proposed a post-2020 target 
for CO2 emission limits in passenger cars and vans. The goal is to reduce the CO2 
emissions by 30 % compared to 2021 level by the year 2030 (European Commission, 
2017). Major car manufacturers have already taken action in developing hybrid or fully 
electric vehicles and many models are already introduced to the market. 
Heavy duty vehicles (HDV) are currently mainly powered by fossil fuels and are 
responsible of up to 6 % of the total EU greenhouse gas production. The new 2030 goal 
is to reduce these emissions by 30 % (European Commission, 2018). Measures towards 
the hybridization and electrification of new vehicles, especially in public transportation, 
have been taken. In 2011 the Turku region public transportation provider Föli brought 
Volvo model 7700 hybrid buses to operate on the line. The hybrid vehicle regenerates 
energy from braking and stores it to be used in take-off (Semkina 2011). In 2016 Föli 
introduced six fully electric busses made by Linkker Oy to operate on line 1 between 
harbor and airport. The buses are charged slowly during the night at the depot and while 
operating on the line opportunity charging is used at the harbor and airport bus stops 
(Kulla, 2018). 
The growing number of electric vehicles (EV) leads to a growing number of charging 
stations and consumer-used chargers which in turn will cause stress to the electrical grid 
in the area. Recently a German telecommunication company announced that they would 
install 12 000 new charging stations by updating their distribution boxes. This is a 
massive project and will double the amount of charging stations in Germany (Lambert, 
2018). Especially heavy duty vehicles, such as electric buses, which can take a peak 
charging power of 350kW could drop the voltage of the electrical distribution grid in areas 
where the installed capacity is not enough for the charging station. 
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This study is part of the Turku University of Applied Sciences Smart electric Bus Network 
integration (SeBNet) project and the focus is on the electric bus charging stations and 
on one particular proposed solution of adding a buffer battery to the charging station to 
level down the high consumption peaks. The goal of the study is to determine the optimal 
battery size, charge and discharge cycles. First, a software simulation of the present 
situation and the suggested buffer battery is made. Secondly, a hardware-in-the-loop 
(HIL) simulator of the improved charging station is designed for further evaluating the 
effect of the battery. Both simulations will be conducted according to the Turku city public 
transportation company Fölis electric bus charging station located at the Turku airport. 
The HIL simulator is scaled down to approximately 1:100 of the real-life systems power 
and it will be located at the Turku Machine Technology Center. 
The second chapter of the thesis will provide a basic understanding of the power 
electronics and lithium batteries and their connection to the charging station. The third 
chapter will be dedicated to the battery software simulations. The fourth chapter will give 
an insight to the current Föli charging station devices and usage. The devices which will 
be used in the HIL simulator and the design schematics, which include all the main 
components, safety devices and electrical connections are introduced in the same 
chapter. The fifth chapter will present the simulation results which will give an insight to 
the original questions of the effect and sizing of the buffer battery. In the sixth chapter 
the writer will discuss his own thoughts of the project and future development ideas for 
the device are presented.   
1.2 SeBNet 
Smart Electric Bus Network integration is a Turku University of Applied Sciences project 
that studies the electric bus charging station effects on the distribution grid and how to 
integrate renewable energy production into the charging station. The project began in 
September 2017 and will continue to December 2019. Further research is completed for 
solutions to have a functioning network of charging stations in the future. The project has 
key goals such as making a Hardware-In-the-Loop simulator of the improved charging 
station. The possibility of creating a smart hub for charging other EVs at the charging 
station is examined in the project. And finally, companies providing and producing 
internet of things (IoT) services can develop energy saving applications using the HIL 
simulator of the charging station. (EURA 2014, 2017) 
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This thesis focuses on the task of designing a HIL simulator and making preliminary 
software simulations of the buffer battery dimensioning. The HIL simulator will be built 
during summer 2018 and the testing of the system begins during the fall the same year. 
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2 CHARGING STATION POWER ELECTRONICS AND 
BATTERY TECHNOLOGY 
Power electronics are everyday devices people use and it is estimated that in the USA 
only approximately 50 % of the electricity used is conditioned through power electronic 
converters (Trzynadlowski, 2016, p. 2). Mobile device chargers, electric vehicles and 
home appliances are just examples of devices that use power electronics. Basically 
every device that converts the amplitude or form of the electrical energy with the help of 
semiconductor devices, can be classified as a power electronics device (Trzynadlowski, 
2016, p. 1). 
The electricity production, distribution and usage is a wide network of devices and 
generators that need to be compatible with each other. The distribution grid operates in 
alternating current (AC) with a frequency of 50 Hz in Europe. The high voltage on the 
distribution grid allows electricity to be transported via cables for long distances with only 
small losses. 
The renewable energy production is increasing since the technology is developed and 
system prices become cheaper. Many of the renewable energy sources and energy 
storage systems generate or use direct current (DC) which needs to be conditioned to 
be compatible with the distribution grid. For this conditioning power electronics 
components and devices are used. 
This chapter gives an understanding to the basic properties and usage of power 
electronic devices at the electric bus charging stations. Firstly, the basic components 
and the basic principles of power conversion are introduced. At the end of the chapter 
the basics of battery chemistry and properties are presented and six common lithium 
batteries are compared. 
Since the power electronics itself is a wide subject, basic electrical variables, calculations 
and rules suchs as Ohm’s law, are not explained in this thesis. It is recommended that 
the reader should have some basic knowledge of the terminology and components used 
in the electrical and power electronics systems. 
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Inductors 
The inductor is one of the main passive components in a power electronics system. The 
use of an inductor does not require an external controller but its behaviour is in relation 
to the current and voltage. An inductor can serve as a temporary energy storage and as 
a harmonic wave attenuator. (All about circuits, 2018). 
The iductors unit of measurement is Henry [H] and it was named after Joseph Henry 
(Lindell, 2009, p. 132). The voltage drop over inductor can be calculated with Equation 
1.  
𝑣 = 𝐿
𝑑𝑖
𝑑𝑡
 
Equation 1 Inductor voltage drop 
Where 
 v =  Voltage drop [V] 
 L = Inductance [H] 
 di/dt =  Current rate of change [A/s] 
Equation 1 indicates that the inductor opposes the change in the current. The faster the 
change, the higher the voltage. This ability is used to attenuate the high frequency 
harmonic currents in an electric system. Chapter 2.1.2 gives an example of the use of 
inductors in Buck and Boost converters. 
Capacitors 
Much like the inductor the capacitor is a passive component commonly used in power 
electronics. The DC voltage cannot pass through the capacitor but it can be stored as 
charge in the capacitor. The AC in turn can pass through the capacitor and this makes 
the capacitor an useful component in eliminating harmonic currents. (All about circuits, 
2018) 
The capacitors capacitance is measured in Farads [F] and the effect it has on the current 
can be calculated with Equation 2.  
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𝑖 = 𝐶
𝑑𝑣
𝑑𝑡
 
Equation 2 Capacitor current 
Where 
 i =  Instantaneous current [A] 
 C = Capacitance [F] 
 dv/dt =   Voltage rate of change [V/s] 
The current is the product of the capacitance and the rate of change in voltage. As the 
inductor opposes the change of the current, the capacitor opposes the change of voltage. 
The combination of these two passive components is a filter used in harmonic wave 
attenuating. 
2.1 Converters 
Power systems at the electric bus charging station are based in power electronics for AC 
and DC conversions. The maximum power of converters may be megawatts but the 
basic operation of conversions remains the same in smaller applications. 
The power electronics conversions can be divided into four different types: 
- AC to AC 
- AC to DC 
- DC to DC 
- DC to AC 
In Figure 2.1 a hypothetical generic power converter is displayed. The switches S1 – S5 
are presumed ideal hence they do not cause any voltage losses  and can be opened and 
closed at a high frequency. The converter can operate in any of the four given modes 
and is operated with three different states: 
State 0: (Off state) Only S5 is closed and the voltage source is not connected 
to the load. S5 short circuits the load for any current left in the system. 
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State 1: (On state) S1 and S2 are closed. The voltage and current are the 
same in both the source and load. 
State 2: (On state, reversed polarity) S3 and S4 are closed. The polarity of 
the voltage is changed at the load. 
With combining and sequencing the states 0, 1 and 2 at a high frequency, the converter 
can be operated to work as any of the four types. (Trzynadlowski, 2016, pp. 3-5). 
 
Figure 2.1 Generic power converter (Trzynadlowski, 2016, p. 3) 
If a conversion from sinusoidal AC displayed in Figure 2.2 to DC is to be made with the 
generic power converter, the states 1 and 2 are used. The converter begins with state 1  
and when the voltage approaches 0, the polarity is switched by turning the converter to 
state 2. This sequence results in a waveform  shown in Figure 2.3. Since the voltage is 
from rectified AC, the output amplitude changes along the input voltage amplitude. A 
capacitor applied to the converter output can level the slope of the voltage waveform. 
This type of conversion is called rectification and is a basic uncontrolled power 
electronics conversion. 
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Figure 2.2 Sinusoidal AC waveform (Trzynadlowski, 2016, p. 4) 
 
Figure 2.3 Rectified voltage (Trzynadlowski, 2016, p. 5) 
2.1.1 Pulse Width Modulation (PWM) 
The development made in recent decades in the area of semiconductors has matured 
the technology and it has since been used in power electronics devices. The 
semiconductor components such as Insulated-Gate Bipolar-Transistor (IGBT) can be 
used as a non-mechanical semiconductor switch with high efficiency and long lifetime. 
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In the generic power converter displayed in Figure 2.1 the switches S1 to S5 can be 
replaced with IGBT switches.  
The basic AC to DC power electronics conversion described in Chapter 2.1 can be made 
with low frequency devices but this forms a non-ideal DC component in the output of the 
converter. Figures showing PWM seem to be switching with a low frequency but it is only 
for the sake of demonstration. In practice the semiconductor IGBT allows switching the 
state of the conductor on or off usually with a frequency between 4-20 kHz and can 
modulate the pulse width of the voltage and current. 
IGBTs consists of three electrodes: the gate (G), collector (C) and emitter (E) as found 
in Figure 2.4. When a voltage above the threshold value is applied to the gate, it saturates 
the body and forms a conducting channel between the collector and emitter.  
 
Figure 2.4 N-channel IGBT symbol (Hamblen, 2018) 
The ratio between the on and off state of the switch is called duty ratio and it can be 
calculated as in Equation 3. 
𝑑 =
𝑡𝑂𝑁
𝑡𝑂𝑁 + 𝑡𝑂𝐹𝐹
 
Equation 3 PWM duty cycle 
Where 
 d = duty cycle 
 tON = duration of conducting [s] 
 tOFF = duration of not conducting [s] 
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If the PWM is used in the generic power converter the effect it has on the waveform can 
be seen in Figure 2.5. The voltage duty cycle seems to be 0.5 and the current waveform 
is much more stabile than voltage. The current waveform is the one that needs to be 
regulated since it is the variable that dictates the result. (Trzynadlowski, 2016, p. 23). 
 
Figure 2.5 PWM duty cycle (Trzynadlowski, 2016) 
Many of the modern power electronics converters use the PWM due to its accuracy and 
high efficiency and the side effects such as harmonic waves can be eliminated with the 
use of passive filters. 
2.1.2 Buck and Boost converters 
The PWM operated DC-DC converters are called either Buck or Boost converters 
depending of the features. In a Buck converter the output voltage is equal or lower than 
the input voltage and in a Boost converter the output voltage is equal or higher than the 
input voltage. The third converter is naturally a combination of the two and is called Buck-
Boost converter.  (Trzynadlowski, 2016, p. 371). In Figure 2.6 and Figure 2.7 the basic 
schematic of the Buck and Boost converters are introduced. The used components are 
voltage source, transistor, inductor, diode, capacitor and load. The transistor acts as a 
switch operated with the PWM as mentioned in the previous chapters. The difference 
between Buck and Boost converters is the arrangement of the components.  
The Boost converter displayed in Figure 2.6 is a typical application of the device. When 
a voltage source is connected to the Boost converter, the PWM operated switch opens 
a path for the current to increase in the inductor. The inductor opposes the change of the 
current and will eventually create a voltage higher than the voltage source which will be 
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directed to the load through the diode. The capacitor compensates the voltage variations 
and the result is an stable voltage higher than the input voltage. 
 
Figure 2.6 Boost converter (Trzynadlowski, 2016) 
 
Figure 2.7 Buck converter (Trzynadlowski, 2016) 
The Buck converters components are displayed in Figure 2.77 and the order of the 
components is different from that of the Boost converter. The voltage Vi is lowered in the 
switch with the use of PWM to have a lower amplitude in the output Vo. The inductor and 
capacitor attenuate the higher frequencies and levelize the output voltage. 
2.1.3 AC-DC converter 
AC-DC conversion is the act of rectificating the sinusoidal waveform to direct current. 
AC-DC converters are used for example in mobile phone chargers. The AC input voltage 
and current waveform is switched with the PWM to form a DC. To gain a low ripple DC 
voltage from the sinusoidal AC voltage, the PWM duty cycle has to be adjusted according 
to the AC voltage amplitude. In other words during one AC cycle the converters duty 
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cycle varies depending on the desired output voltage. If the converter is connected to 
the distribution grid, it should include a LCL filter as described in Chapter 4.3.1 to 
eliminate distortions towards the distribution grid. 
2.2 Battery energy storage systems (BESS) 
The battery is used for storing electrical energy as chemical energy for later use and 
since the era of mobile devices started it has been under continuous development. The 
technology is still rapidly evolving due to the recent growth in electric vehicle 
development. This has resulted in various different chemical structures. To choose a 
battery with suitable properties for the given application, one must first understand what 
are the main differences in batteries and how batteries with the same chemical structure 
can differ from each other. The battery is a component which ages like any other device 
under constant load. A proper control and charging and discharging habits are necessary 
to prolong the life of a battery and for its use to be safe. The end of Chapter 2 gives an 
insight to the basic principles and components in a battery energy storage system. 
2.2.1 Battery chemistry 
The battery consists of anode and cathode electrodes and an electrolyte between them 
as a conductor of electrons. The anode is the negative electrode and the cathode is the 
positive electrode in the battery. When the electrons move from the anode to the 
cathode, the battery is discharging and vice versa as displayed in Picture 2.1. (Scrosati, 
et al., 2013, p. 2). If the same picture is thought as a lithium battery, the anode is made 
of porous graphite and the cathode of metal oxides, and the electrolyte of lithium-based 
salt in an organic solution (Battery University, 2018).  
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Picture 2.1 Battery charge and discharge (Iflscience, 2018) 
The electrochemical reaction occurs in a LiFePO4 battery when the Lithium ions flow from 
the anode to the cathode in a reaction displayed in Equation 4. As the electric current is 
the movement of electrons the battery can release energy, or in other words discharge. 
𝐹𝑒𝑃𝑂4 +  𝐿𝑖
+ +  𝑒−  → 𝐿𝑖𝐹𝑒𝑃𝑂4 
Equation 4 Reduction in a LiFePO4 battery 
The capacity of the battery is given in ampere-hour (Ah) and does not alone tell the 
energy that can be stored in the battery. The C-rate is relative to the capacity and tells 
the maximum charge or discharge rate of the battery. As an example 1C equals the 
current which will occur when the battery is discharged in one hour. Thus a battery with 
a higher capacity allows higher discharge current and vice versa. Equation 5 gives the 
variables needed for energy calculations. If the battery capacity is 20 Ah, voltage 3.2 V 
and it is discharged until empty with 1 C current, the discharged energy would be 3.2 𝑉 ∗
20 𝐴 ∗ 1 ℎ = 64 𝑊ℎ. Let it be mentioned that this calculation is a simplification just to give 
an insight of the energy calculations, in truth the battery voltage varies and the energy 
cannot be calculated accurately with the given equation without taking in account the 
voltage variation. 
 
𝐸 = 𝑃 ∗ 𝑡 
Equation 5 Energy 
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Where 
 E = energy [Wh] 
 P = power [W] 
 t =  time [h] 
2.2.2 BESS accessories 
The increasing use of lithium batteries has raised some concerns about its safety. 
Lithium is an alkali metal and highly reactive, easily flammable and sometimes excessive 
heat can cause a thermal runaway and make the battery catch on fire. Cases where 
lithium batteries have caused damage when a fault has occurred made to the headlines 
a few years ago when phones of one of the world’s largest mobile phone manufacturer 
caught on fire in multiple separate incidents (McCurry, 2017). BESS uses battery 
management systems (BMS) to safely charge the battery and monitor its conditions. The 
BMS monitors the battery state of charge (SoC), state of health (SoH) and temperature. 
And as the battery is charging and each cell is an individual, the BMS monitors each cell 
voltage and balances it with either separate charging or discharging. Some lithium 
batteries do not tolerate a complete discharge and would degrade rapibly or break down 
completely. The BMS controls the maximum Depth of Discharge (DoD) and disconnects 
the load if the SoC is too low. 
If the BESS is of a larger size and can deliver high currents and voltages, extra safety 
measures against electrocution and short circuits has to made. Separate fuses and 
contactors uncouple the BESS if a fault is detected.  
2.2.3 Different Li-ion batteries 
The lithium batteries have been developed from the 1970s and the modern lithium salt 
solution based structure has a few different chemistries.  
  LFP LTO LMO LCO NMC NCA 
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Table 1 introduces the six different lithium batteries and though some are not so common 
anymore they give a good understanding on the development of the properties of the 
batteries. The typical cycle life varies and the given amounts depend of the manufacturer.  
Chemical name 
Litium iron 
phosphate 
Lithium 
titanate 
Lithium 
manganese 
oxide 
Lithium 
cobalt oxide 
Lithium 
nickel 
manganese 
cobalt oxide 
Lithium 
nickel cobalt 
aluminum 
oxide 
Lithium chemical 
structure LiFePO4 Li4Ti5O12 LiMn2O4 LiCoO2 LiNiMnCoO2 LiNiCoAlO2 
Nominal voltage 
[V] 3.2 2.4 3.8 3.65 3.7 3.65 
Minimum voltage 
[V] 2.8 1.5 3 3 3 3 
Maximum voltage 
[V] 4 2.7 4.2 4.2 4.2 4.2 
Discharge C-rate* 
[C] 3 10 10 1 10 1 
High power or high 
energy Combinatio Power Combination Combination Energy Combination 
Typical cycle life* 2000 10000 300-500 500 1000 500 
Energy den. [Wh/l] 200-330  260-300 450-500 330-365 270-350 
Power de. [Wh/kg] 100-140  90-120 170-185 155-185 145-165 
*Depends on the 
manufacturer 
      
  LFP LTO LMO LCO NMC NCA 
Chemical name 
Litium iron 
phosphate 
Lithium 
titanate 
Lithium 
manganese 
oxide 
Lithium 
cobalt oxide 
Lithium 
nickel 
manganese 
cobalt oxide 
Lithium 
nickel cobalt 
aluminum 
oxide 
Lithium chemical 
structure LiFePO4 Li4Ti5O12 LiMn2O4 LiCoO2 LiNiMnCoO2 LiNiCoAlO2 
Nominal voltage 
[V] 3.2 2.4 3.8 3.65 3.7 3.65 
Minimum voltage 
[V] 2.8 1.5 3 3 3 3 
Maximum voltage 
[V] 4 2.7 4.2 4.2 4.2 4.2 
Discharge C-rate* 
[C] 3 10 10 1 10 1 
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Table 1 Different lithium batteries (SuperLIB Project Office, 2012, p. 9) 
From these six batteries the LFP has increased its usage in EVs and stationary batteries. 
It is a combination of high power and high energy with a medium cycle life. LFP is readily 
available at various different webstores and competition has dropped the prices. It comes 
in multiple different sizes from a few thousand milliampere hours to hundreds of ampere 
hours. The NMC battery is a competitor for the LFP battery in terms of performance. It is 
a combination of high power and high energy cell and the achieved energy density has 
increased recently. The LTO is an interesting battery since recently manufacturers have 
promised a cycle life far beyond other types and the continuous discharge is at the 
highest end. The DoD in LTO batteries can be 100% according to some manufacturers. 
(Toshiba International Corporation, 2014; GWL Power, 2018; Arcus, 2018). Lately some 
hybrid battery solutions combining two different chemistries have been introduced to the 
market. The idea is to combine the best qualities from two chemistries and gain higher 
energy and power (GRST, 2017). 
High power or high 
energy Combinatio Power Combination Combination Energy Combination 
Typical cycle life* 2000 10000 300-500 500 1000 500 
Energy den. [Wh/l] 200-330  260-300 450-500 330-365 270-350 
Power de. [Wh/kg] 100-140  90-120 170-185 155-185 145-165 
*Depends on the 
manufacturer 
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3 BATTERY SIMULATION 
Defining the capacity and properties of the BESS is a complex task and for the best result 
a simulation where the performance can be evaluated, is a feasible solution. The results 
can indicate the expected usage and lifetime of the system. The BESS properties are 
defined by the battery chemistry and for optimization the type has to be chosen. The 
battery orientation can be towards power, energy or the combination of these two. High 
power batteries provide the system with high current peaks but the amount of energy it 
can deliver is not necessarily high. On the other hand, the high energy batteries deliver 
plenty of energy but the current peak is lower. The bus charging station requires high 
current peaks but as the charging takes only a couple of minutes the energy during one 
charge is not high. 
The HIL simulator will be equipped with an LiFePO4 (LFP) battery but it is not necessarily 
the best possible battery chemistry for the EV charging station or other applications. To 
provide some comparison an Li4Ti5O12 (LTO) battery is chosen for another software 
simulation. Both batteries are designed in a way that the maximum power is as close to 
each other as possible. The different properties of the two batteries deliver a valid point 
to the importance of choosing the right battery type for each application. 
3.1 Charging station measurements 
Measurements from the charging station are the basis of the battery simulations. The 
total effect of the charging station towards the grid is the main focus and this is why the 
measurements were conducted from the distribution grid transformer low voltage side. 
The samples were completed at the airport in April 2018 and voltage, current and power 
were measured. The dataset includes more than one million samples and will not be 
attached to this document. 
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Figure 3.1 A single charging event 
 
Figure 3.2 Charging station one hour data 
The acquired data was modified for easier usage and valid results. The load under 5 kW 
were ruled out since it is the base load of the charging station and does not require any 
buffer battery. Figure 3.1 and Figure 3.2 are examples of the charging events. The power 
quickly rises to 330 kW in constant current mode and when the battery approaches full 
charge the charging changes to constant voltage. The two different charging styles are 
used because when the battery approaches full charge and the amount of remaining free 
electrons is decreased, the constant voltage forces the remaining electrons to charge 
the battery to the desired maximum SoC. The charging events during one hour displayed 
in Figure 3.2 gives an example of how the charging events can vary between buses. 
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3.2 Battery comparison 
The properties of both batteries are displayed in Table 2. The main difference of the 
batteries is the discharge ability and the cycle life. The LFP can only deliver 3C discharge 
current whereas LTO can deliver up to 10C current. If the peak current has to be almost 
equal, the LFP cell capacity has to be higher or more parallel strings have to be added 
which in turn results in higher capacity of the battery.  
Table 2 Battery properties 
Battery type LFP LTO 
Nominal cell voltage [V] 3,2 2,4 
Minimum cell voltage [V] 2,8 1,5 
Maximum cell voltage [V] 4 2,7 
Cell capacity [Ah] 60 20 
Maximum continous discharge [C] 3 10 
Maximum continous charge [C] 3 5 
Energy [Wh] 192 48 
Peak discharge current [A] 180 200 
3.3 Simulation commissioning 
The problem when charging EVs with high power is the maximum power the local 
transformer can provide. In rural areas the transformer may only deliver part of the peak 
power. The use of battery should stay minimal since it cannot operate ideally and will 
always have power losses when charged and discharged. Thus, the maximum grid 
capacity is used and if it is exceeded, the battery will provide the rest of the required 
power. Every charging station should have its own simulation made with varibles defined 
by the local grid limitations in order to have maximum gain of the BESS.  
The necessary equations used in the simulation calculations are listed in this chapter. 
The data is modified to display each days charging events to define how many events a 
normal weekday has in average. The energy in each charging event is defined from the 
data and the median energy from all events is calculated to define what is the usual 
energy required in one charging event. The energy provided by the grid is subtracted 
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from the total energy and the differential is the energy which the BESS should provide. 
The results are displayed in chapter 5 and appendix 1. 
𝑃𝑚𝑎𝑥 = 𝑃𝑡𝑟𝑎𝑛𝑠 ∗ 𝜂 − 𝑃𝑙𝑜𝑎𝑑 
Equation 6 Transformers maximum power for charging station 
Where 
 Pmax = Maximum power [kW] 
 Ptrans = Transformers rated power [kW] 
 η = Safety coefficient 
 Pload = Transformer loading before charging station [kW] 
The amount of cells in the BESS can be calculated with the below equation. The BESS 
voltage is iterated in order to reach a battery capacity as low as possible. 
𝐶𝑒𝑙𝑙𝑠 =  
𝑈𝐵𝐸𝑆𝑆
𝑈𝑐𝑒𝑙𝑙
∗ 𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑐𝑒𝑙𝑙𝑠 
Equation 7 Total cell count 
The battery capacity is defined by the amount of cells connected in series and parallel. 
The battery capacity varies since the voltage in each cell varies according to the SoC 
but the nominal voltage used in the equation gives an insight of the battery capacity. 
𝐶𝑏𝑎𝑡 = 𝑆𝑡 ∗  𝑈𝑐𝑒𝑙𝑙  ∗  𝐶𝑐𝑒𝑙𝑙 ∗ 𝑃𝑟 
Equation 8 Battery capacity 
Where 
 Cbat = Battery capacity [kWh] 
 St = Cells in string 
 Ucell = Nominal cell voltage [V] 
 Ccell = Cell capacity [Ah] 
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 Pr = Strings in parallel 
The Useful life of the battery can be calculated when the average daily charging events 
and energy in each charge is known. The equation does not take into account the 
degradation since the rate of it is not known. But the results give an insight of how long 
it takes fot the battery to degrade into 80% of the original capacity. 
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑙𝑖𝑓𝑒 =
𝐶𝑦𝑐𝑙𝑒 𝑙𝑖𝑓𝑒 
𝐷𝑎𝑖𝑙𝑦 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 ∗ 𝐸𝑀𝑑𝑏𝑎𝑡
𝐶𝑏𝑎𝑡 ∗ 𝜂
 
Equation 9 Battery life estimation 
Where  
EMdbat = Median battery energy [kWh] 
η = Battery charge and discharge efficiency 
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4 HARDWARE-IN-THE-LOOP SIMULATOR 
Hardware-in-the-loop (HIL) simulation is a method of using simulation with physical parts 
to test and evaluate even a complex system with minimum effort and it can be scaled 
down to cut the construction and operating expences. Originally it was mainly used for 
simulating avionics, for example missile guidance system (Bacic, 2005, p. 1). The HIL 
simulation can be controller or power oriented. The orientation depends on what the 
nature of the system under test (SUT) is. Power HIL (PHIL) is used to simulate a system 
with high power ratings and controller HIL (C-HIL) is used to simulate and evaluate the 
controller aspect of a SUT. The hardware in C-HIL system can be just a small 
development board with various options. (Bacic, 2005; Celanovic, 2016) 
The HIL will be designed in a way that it simulates a charging station descriped in 
Chapter 4.1 with added systems such as battery energy storage system and photovoltaic 
generation. It will be a compilation of PHIL and C-HIL but this thesis focuses on the PHIL 
aspect. The controller of the HIL system will be designed by Janne Sovela in his Master’s 
thesis for the Tampere University of Technologies. The simulator will be built at the Turku 
Machine Technology Center at Kupittaa during summer 2018 and will simulate the 
charging scenarios during the summer and autumn of the same year. 
This chapter begins with an introduction to the system parts and functions which will be  
crucial to perform valid and safe simulations. Later in the chapter the basic schematics 
of the system and their viability will be explained.  
4.1 Föli charging station 
The Föli eBus charging station at the airport was built in 2016 and was commissioned in 
the autumn of the same year (Kulla, 2018). At the moment there are two stations alike at 
both ends of the bus line and six electric buses are operating on the line. The proposed 
problem of stress caused by the high peak power to the distribution grid does not occur 
at the Föli charging station since it is equipped with a dedicated grid transformer 
providing power only for the charging station. The problem will arise when charging 
stations are built to areas where the distribution grid does not have installed capacity for 
a separate transformer.  
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Picture 4.1 Föli charging station devices at the airport (Hinkkanen, 2018) 
The airport charging station is galvanically isolated from the distribution grid transformer  
with an isolating transformer which drops the phase to phase voltage of 400 V to 325 V. 
The charging station has a inductor-capacitor-inductor (LCL) filter for eliminating the 
harmonic waves produced by the high switching frequency. The inductors are connected 
in series and the capacitor is connected in delta formation in between the inductors. The 
converter at the station is a liquid-cooled Danfoss Vacon NXP series converter. The main 
parts and topology of the charging station can be found in Figure 4.1. 
 
Figure 4.1 Föli charging station topology (Hinkkanen, 2018) 
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Preliminary electric measurements were taken at the charging station between January 
and April 2018 to verify the power peaks and frequency of the charging period for the 
electric buses. Currently six electric buses operate on the line and in case of fault or 
maintenance, diesel buses support the line. Picture 4.2 displays the complete route of 
bus line 1 and the six buses operating on it. It is not possible to tell apart the electric and 
diesel buses from each other on the map. The measuring results show that the charging 
power can reach up to 333 kW measured from the main transformer and that on average 
40 buses charge at the station during the day and the charging takes 3 minutes on 
average. 
 
Picture 4.2 Föli line 1 and buses (Föli, 2018) 
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4.2 Design basis 
The main function of the HIL simulator is to study the effect a battery implemented to a 
bus charging station has on the high consumption peaks while charging the bus. The 
goal is to have a simulator that can provide results for dimensioning the optimal battery 
size and best possible utilization of photovoltaic generation and storage. To integrate the 
already built charging stations and the future charging stations, the baseline of the HIL 
simulator is to use devices of the same brand as they have already been used in the 
actual charging stations. 
The simulator operates on high AC and DC voltages and requires devices and protocols 
for safe usage. Especially when the HIL simulator will be used for educational purposes 
with students, who are not necessarily familiar with such devices, safety is a major factor 
in the design. 
All electronic devices generate electromagnetic emissions and are exposed to 
electromagnetic emissions created by other devices (Danfoss Drives, 2016, p. 6). When 
working with experimental power electronics applications, some electromagnetic 
disturbance can be expected to occur. The simulator is connected to the distribution grid 
and it has to comply with the European directives which regulate the electromagnetic 
compatibility of devices. The design of the HIL simulator is made in a way that it does 
not generate any excessive electromagnetic disturbances. The general requirements for 
the devices are that they do not generate harmful disturbances to radio and 
telecommunications equipment and that the device is capable of operating under 
electromagnetic disturbances that can be expected in its intended use (Schulz & 
Kourkoulas, 2014). 
4.3 Converters 
Chapter 2 introduced the basic power electronics devices and components needed in an 
electric bus charging station and this chapter delivers information of the actual converters 
used in the HIL simulator and their purpose regarding the totality. 
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4.3.1 Vacon NXP converters 
The main components of the HIL simulators include three converters designed and 
manufactured by Danfoss Vacon. All three converters operate in bidirectional mode and 
thus can deliver power in either way of the converter. The main converter is an AC-DC 
rectifier and it is dimensioned to deliver the maximum needed power alone. The 
converter connected to the battery is a DC-DC buck and boost converter also 
dimensioned to deliver the highest required power. As the power conditioned in the 
simulator has to be used somewhere and using resistors to turn it to heat is not a viable 
solution, a third converter equivalent to the main converter is used to convert the energy 
back to the electric grid of the building. 
 
Picture 4.3 Vacon converters (Hinkkanen, 2018) 
The subchapters below will give an insight to the main features of the Vacon converters 
and their accessories. 
Active Front-End (AFE) 
The Vacon NXI AFE units are designed to operate in converting energy in two ways. AC 
voltage input can be rectified to common DC bus voltage and vice versa. The AFE unit 
includes the converter, LCL filters and control unit. These components form a high 
efficiency low total harmonic distortion (THD) unit for energy conversions (Vacon Plc., 
2018). The AFE applications normally operate in currents much higher than the HIL 
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simulator but when requested Vacon equipped the purchased converters with the AFE 
software.  
LCL filter 
The PWM used in the power electronics converters generate the voltage of desired form 
and as a byproduct some high order harmonic waves will occur in the system. The 
harmonic waves can be harmful for the battery and to the converter itself. The inductor-
capacitor-inductor (LCL) filters are used for eliminating the harmonic waves and in HIL 
simulator they act as a low-pass filter meaning that low frequency waves are not affected 
by the filter but only the frequencies above dimensioned value. The inductors attenuate 
the currents high frequencies and the capacitors connected in delta let the high AC 
harmonics through them and attenuate the high frequrncy voltage harmonics. The LCL 
filters are part of the regenerative Vacon AFE converter. 
𝜔𝑟𝑒𝑠 =  √
𝐿1 + 𝐿2
𝐿1 ∗ 𝐿2 ∗ 𝐶𝑓
 
Equation 10 Angular resonance frequency 
Where 
 ωres = Angular resonance frequency 
 L1 = Converter side coil 
 L2 = Grid side coil 
 Cf = Capacitor filter Δ 
𝑓𝑟𝑒𝑠 =
𝜔𝑟𝑒𝑠
2 ∗ 𝜋
 , 10𝑓𝑔 < 𝑓𝑟𝑒𝑠 < 0.5𝑓𝑠𝑤 
Equation 11 Resonance frequency 
Where 
 fres = Resonance frequency 
 fg = Grid frequency 
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 fsw = Switching frequency 
The frequency passing limits of the filters can be calculated with the use of Equation 10 
and Equation 11. The capacitor and inductor filters were delivered with the converters 
and were already dimensioned. Three capacitors are connected in the filter and each 
has a value of 2.2 μF. The grid side inductor is the smaller of the two inductors and has 
a value of 4.1 mH and the converter side is a 8.1 mH. The calculated lowpass value is 
1187 Hz and it is within the set limits. (Simões, et al., 2018). 
Common DC bus 
A common DC bus includes more than one converter with a same DC voltage connected 
to each other. One of the converters has to be an AFE unit to maintain the low THD in 
the system and the bidirectional power conversion between AC and DC buses. The 
voltage in the common DC bus is set to a higher level, in this case to 700 volts to minimize 
the voltage losses in cables and converters. 
DC inductors 
The DC-DC converter is of the same product family than the AC-DC rectifiers. To achieve 
the buck and boost DC ability, a different software and some external components have 
to be used. The software is set by Vacon at the factory and the DC inductors are provided 
within the converter delivery. The converters operate with IGBT modules which consist 
of six invidual switches controlled with PWM, two for each AC phase. To gain the 
maximum power of the converter all three phases have to be used. The three outputs 
are each connected to individual inductors. The ferrite core of the inductors have to be 
separate to avoid the effect of common mode attenuating. The outputs of the inductors 
are connected together to create an interleaved current form. The interleaving multiplies 
the current by the number of interleaved waveforms but reduces the current ripple to 1/9 
of the original. (Vacon Plc., 2016, pp. 23-25). 
Figure 4.2 displays the Vacon DC-DC converter IGBT switches and the inductors 
connected to the battery. If examined closely the resemblance to the Buck and Boost 
converters is obvious. When the battery is charged the DC bus voltage is Buck converted 
using the upper switch as operated in PWM. The lower switch acts as a diode and the 
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inductor creates the interleaved waveform. When the battery is discharged, the inductor 
is connected directly to the negative pole through the lower PWM controlled switch. The 
upper switch works as a diode now. 
 
Figure 4.2 The Vacon converter IGBTs and inductors (Vacon Plc., 2016, p. 31) 
4.3.2 Maximum power point tracker 
Ferroamp SSO 
The HIL simulator will be equipped with an option to utilize photovoltaic (PV) generation 
to have renewable energy production as part of the charging station power production. 
The PV system will consist of a few devices that can either provide realtime PV 
generation with actual PV modules or a PV charasteristics simulator to have an option 
to conduct simulations regardless of the solar irradiance. PV modules produce DC 
voltage with variable current. The commonly used crystalline silicon (c-Si) photovoltaic 
module with the power of 260 W produces a maximum voltage between 30 to 40 volts, 
depending on the module, and multiple modules are connected in series to form a string 
voltage of up to 800 volts. (Mertens, 2014). The current varies according to the solar 
radiation and thus needs to be conditioned to be compatible with the HIL simulators DC 
bus voltage.  
Commercial inverters are equipped with a maximum power point tracking (MPPT) device 
which monitors the current and voltage of the PV string and adjusts these values to gain 
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the optimal power from the PV string. The Ferroamp SSO is a DC-DC converter which 
regulates the PV voltage and current to the maximum power point and the voltage on 
the DC bus side to match the preset value. Currently there are only a handful of MPPT 
devices able to regulate the PV voltage to the DC voltage required in the HIL simulator 
DC bus and the Ferroamp SSO would be a suitable device since the manufacturer is 
capable of delivering a custom voltage range. 
4.4 Solar Array Simulator 
The simulator will be made in a way that it is fully controllable. This could be a problem 
if the integration of PV generation would only be equipped with PV panels that rely on 
the solar irradiance. During wintertime and cloudy days the simulations would not be 
performed in any way the user wants to. For this reason a solar array simulator (SAS) 
will be included in the design. SAS is a DC power source that produces characteristics 
similar to the PV production in a way that the user has programmed.  
4.4.1 Delta Elektronika 
The SAS device used in the HIL simulator will be a Delta Elektronika model SM 660-AR-
11 with the peak power of 3 kW and the maximum current and voltage of 660 V and 11 
A respectively. In the original plans the SAS would be connected to the DC bus via 
Ferroamp SSO but the process of purchasing the SSO device is still under work. But as 
the PV integration is one of the main tasks of the HIL simulator the idea of not including 
the PV modules and SAS cannot be taken into consideration. Thus, the SAS will be 
connected to the simulator by adding a DC-AC inverter and connecting it to the AC bus. 
The ouput power of the SAS is measured by the PLC and the excessive energy is stored 
to the HIL battery. When a bus charging is active, the PLC can control the power to be 
used mainly from the battery for optimal usage of the renewable energy.  
4.5 Battery 
The main task of the HIL simulator is to study and give an insight to the dimensioning of 
the battery and compensating the high consumption peaks from the distribution grid. This 
makes the battery a crucial element in the simulator. The battery will be a lithium iron 
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phosphate (LiFePO4) battery as it is a reliable and stable battery chemistry with a low 
price and relatively high charge and discharge currents as described in Chapter 2.2.3. 
 
Picture 4.4 TUAS battery (Hinkkanen, 2018) 
The BESS was assembled by TUAS students as a project work part of spring 2018 
course Energy Transition. The battery case, cell layout and connections were designed 
by the student group. The cells are Chinese made 20 Ah each with the nominal voltage 
of 3.2 V. The whole capacity is approximately 1kWh with the 16 cells connected in series 
producing an open circuit voltage of 48 V. The temperature of each cell is monitored with 
the PLC and two inbuilt fans provide forced convection for improved cooling. The 
charging of the battery is controlled by a BMS unit which has a passive cell-balancing 
feature. The BMS unit is connected to the PLC with CAN-bus communication standard 
and it will provide the information of the SoC, SoH and power measurements (REC d.o.o, 
2016).  
4.6 Isolating transformers 
The HIL simulator works with power electronics and harmonic distortion is always 
included in such devices. The necessary countermeasures with the input LCL filtering 
have been completed but the whole system is going to be galvanically isolated from the 
distribution grid to minimize the distortion. The converters working with PWM produce a 
common DC voltage which can be harmful for the battery and to the system components 
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but the isolating transformer with the secondary windings connected in star formation act 
as a sink for the common DC voltages (Vacon Plc., 2016).  
The transformer used is a 5 kVA isolating transformer with primary and secondary 
voltages both being 400 volts. The transformer is connected in Dyn11 meaning that the 
primary windings are in delta and secondary windings in star connection. The end 
number defines the phase shift between the primary and secondary windings as when 
the full 360⁰ is divided into 12 segments each representing 30⁰ phase shift. Thus, the 
value 11 is equivalent to the secondary windings leading by 330⁰ in respect to the primary 
windings phase shift. (Noratel, 2018).  
4.7 Control 
The simulator consists of multiple devices of various manufacturers. To have a 
functioning system from which necessary measurements can be conducted, a proper 
controller is needed. The PLC can be connected to different devices with Ethernet/IP, 
CANopen and Modbus connections. Measurements such as current, voltage and 
temperature can be acquired with the same device and the data can be extracted for 
further use.  In later development of the simulator a human machine interface (HMI) can 
be integrated into the controller for more convenient usage. The Wago PFC200 
Ethernet/IP PLC is a controller compatible with Wago 750 and 753 series I/O modules 
which support both analog and digital connections as well as speciality cards such as 
power measuring. The controller is connected to all three VACON converters and the 
SAS via Ethernet/IP and to the BMS via CANopen. The PLC is responsible of the safety 
of the system and can shut down the system safely in case of a fault. 
The Controller functions will be designed and programmed by Janne Sovela, a Master’s 
degree student from Tampere University of Technology.  
4.8 Power measuring 
Power measuring has an essential role in making valid conclusions from the simulation 
results. Efficiency, power flow monitoring and BESS utilization can be calculated from 
the measurements. Thus enough time for designing the measuring system has to be 
used to obtain high accuracy measurements. 
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Converter efficiency calculations require measurements from both AC and DC side of 
the converter. Power is a product of voltage and current as and separate measurements 
are needed for both values. The AC voltage remains nearly constant in the system and 
it is measured directly from the AC bus. 
Transducer measuring 
The AC and DC current and DC voltage measurements are performed with current 
transducers. The advantage of using transducers is that when working with high currents 
and voltages connecting the measuring device directly to the cables would require it to 
be tolerant of high currents and voltages. Such devices can be extremely expensive and 
hard to find and sometimes it is impossible to connect all the cables directly to the 
measuring device. The transducers produce a small current with respect to the current 
conducted in the measured wire. The transducer current is converted to voltage with a 
shunt resistor in a custom designed filterboard. The voltage gain is increased for more 
accurate measurements and then conducted to the PLC for further processing. 
4.9 Safety 
The SFS-EN 6000 sets certain safery standards for the appliances operating in over 120 
VDC or 50 VAC voltage range. The HIL simulator will operate in the nominal Finnish grid 
voltage of 400 VAC and it will have a DC bus with a voltage of 700 VDC. In addition to 
these high voltages the simulator will have a battery as a voltage source. Standard safety 
measures, such as invidual fuses and contactors for each device, are used and the 
simulator will have extra safety devices and protocols for improved safety. 
Safety protocols 
The PLC is in charge of the basic safety monitoring of the simulator. The HIL simulator 
is an insulated terra (IT) system and to monitor the safety, a Bender insulation resistance 
monitoring device is installed. It will constantly measure if the positive and negative wires 
are connected to each other or earth potential in a short circuit or in other faults of the 
system. If the resistance between the wires or earth potential drops to a set point, the 
first alarm is triggered. It will not shut down the system but requires the elimination of the 
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fault. If the Bender detects a high level fault in the IT system the PLC will disconnect the 
HIL from the external grid and begin the shut down procedures. Each of the converters 
is shut down under control and the battery is disconnected with the contactors. After the 
converters and the battery are disconnected any leftover current lingering in the system 
is eliminated by connecting the DC terminals to each other through a  high power resistor 
and the energy is transformed into heat. In order for the PLC to accomplish this when 
the external power is disconnected, it is equipped with an uninterruptible power supply 
(UPS). 
4.10 Integration of the components 
Designing the HIL simulator includes choosing the right components which are 
compatible together in the same system and making schematic drawings for connecting 
the devices and components to form a functioning system. The devices and components 
were thoroughly introduced in the previous chapters. The schematic drawings include 
details for the wiring, safety systems and accessories.  
The following drawings were made 
• single wire diagram with main components 
• main schematic with wiring and safety devices 
• grounding schematic 
• 24 V power connections 
• controlling devices 
• data connections 
• safety devices 
With the  provided schematics the building of the simulator will be faster and under 
control. Figure 4.3 displays the single wire diagram of the system and the main 
components can be found in it.  
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Figure 4.3 The HIL simulator single wire diagram (Hinkkanen, 2018) 
The schematics were made according to the SFS-EN 6000 safety standards and the 
simulator will be equipped with a proper manual and warning signs before it can be 
commissioned. 
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5 RESULTS AND CONCLUSIONS 
The battery simulations introduced in chapter 3 were conducted in Microsoft Excel and 
the results indicate that the energy needed for the peakshaving of the current is only 
approximately 6 kWh. However, the battery voltage and discharge-rate set limits for the 
capacity. One of the simulated batteries was a high power LTO battery and it requires at 
least two parallel strings to reach the required 170 kW charging power. The amount of 
cells is in relation to the capacity and the number of cells required leads to a greater 
capacity and even with the optimal voltage of 434 V, 180 cells connected in series and 
two parallel strings are required. The total number of cells in the system is 360 which 
leads to the capacity of the BESS to be 17.3 kWh. The LFP battery cannot deliver the 
same current as the LTO and more strings have to be connected in parallel. The optimal 
voltage for the LFP battery would be 321 V. 100 cells connected in series and three 
strings in parallel are required to reach the desired properties. The capacity in LFP cell 
is 60 Ah which results to a total BESS capacity of 57.6 kWh.  
 
 
Figure 5.1 and Figure 5.2 display the SoC levels of the both battery systems during one 
day charging. The LTO battery has a smaller capacity and therefore the SoC fluctuates 
between 50% and 95%. The LFP battery capacity is much higher and fluctuates much 
less. 
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Figure 5.1 LFP buffer battery SoC level after bus charge events during one day 
 
Figure 5.2 LTO buffer battery SoC level after bus charge events during one day 
The BESS degrades with every full discharge and charge cycle and the capacity 
decreases. If the battery capacity would be only minimum required it would fully 
discharge in every bus charging event and the battery would have to be replaced more 
often. The higher capacity that is required to achieve the needed power proves to be a 
a better solution for the BESS. The LTO battery degrades to 80 % of the original capacity 
after 10 000 cycles. With the minimum achievable battery capacity it takes 713 weekdays 
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before the cycle life exceeds. The LFP battery degrades after 2 000 cycles and it takes 
356 weekdays before the cycle life is exceeded with the example battery. As mentioned 
in Chapter 3 it could not be studied in this simple simulation if the battery degradation-
rate is linear or varies greatly before the 80 % limit. Further research could be done in 
the HIL simulator in order to define the actual degradation of the battery cells. When the 
renewable integration is further studied and implemented to the HIL simulator, the use 
of a greater battery capacity could provide a better buffer storage for it. 
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6 DISCUSSION 
The thesis project began with making measurements in the electric bus charging station. 
Next the preliminary battery simulations based on the data were made and finally the 
HIL simulator for further simulations was designed. The whole project was interesting 
and the findings were interesting as well. Some problems occurred during the project but 
these were solved with the help and guidance of my instructor Samuli Ranta and the 
control system designer Janne Sovela. The next phase is to build the HIL simulator and 
make proper commissioning measurements and documentation and this will be done 
during the summer 2018. 
The battery simulations could be improved by implementing the scenario to DIgSILENT 
PowerFactory. It is a software for modelling electric grids and it can be more precise than 
Microsoft Excel simulations. The effect, the BESS in the charging station, has on the 
local grid can be thoroughly simulated in it. 
During the last six months while writing this thesis I have learned a great deal about the 
power electronics devices as a complete system and how they can be implemented to 
the electric grid and how necessary they are in renewable energy production. My future 
plans include to continue studying in this area and maybe work in a company specialized 
in it. 
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Appendix 1 Battery simulation report 
 
